Abstract: Size, shape and surface characteristics strongly affect interfacial interactions, as the presented among iron oxide nanoparticles (NPs) aqueous colloids and bacteria. In other to find the forces among this interaction, we compare three types of surface modified NPs (exposing oxalate, arginine or cysteine residues), based on a simple synthesis and derivation procedure, that allows us to obtain very similar NPs (size and shape of the magnetic core). In this way, we assure that the main difference in the synthesized NPs are the oxalate or amino acid residue exposed, an ideal situation to compare their bacterial capture performance, and so too the interactions among them. Field emission scanning electron microscopy showed homogeneous distribution of particle sizes for all systems synthesized, close to 10 nm. Magnetization, zeta potential, Fourier transformed infrared spectrometry and other studies allow us further characterization. Capture experiments of Pseudomonas putida bacterial strain showed a high level of efficiency, independently of the amino acid used to wrap the NP, when compared with oxalate. We show that bacterial capture efficiency cannot be related mostly to the bacterial and NP superficial charge relationship (as determined by z potential), but instead capture can be correlated with hydrophobic and hydrophilic forces among them.
Introduction
Superparamagnetic, small size and low toxicity nanoparticles (NPs) of magnetite (Fe 3 O 4 ) are very versatile systems with multiple applications in science and technology [1] . Some of them were reviewed recently and include magnetic storage media [2] , biosensing applications [3] , medical applications such as targeted drug delivery [4] , contrast agents in magnetic resonance imaging [5, 6] and magnetic inks for ink-jet printing [7] .
The co-precipitation technique is probably the simplest and most efficient chemical pathway to obtain magnetic NPs. Iron oxides are usually prepared by aging a stoichiometric mixture of ferrous and ferric salts in aqueous media. The chemical reaction of Fe 3 O 4 formation may be described as: Fe 2+ + 2Fe 3+ + 8OH − = Fe 3 O 4 + 4H 2 O. According to the thermodynamics of this reaction, complete precipitation of Fe 3 O 4 should be expected at a pH between 8 and 14 in an oxygen-free environment. affinity just for a defined chemical group of single type or group of bacteria. The presented study shows a simple and easy synthesis procedure for the functionalization of magnetic NPs. We demonstrate by using two very different amino acids (a basic and a sulfur containing amino acids, arginine and cysteine, respectively) that the interaction with a model bacteria is mostly independent of the amino acid exposed. The comparison among amino acid and oxalate modified NPs at different pHs show the relevance of hydrophobic interactions between the bacteria and the NPs to explain the high bacterial capture efficiency of the NPs used here.
There are several technological ways to separate microorganisms from a solution; each method depends on several factors or requirements. Some relevant factors are the volume to be treated, cost, microbial viability and posterior use of the concentrated cells, if any. For example, filtration and centrifugation can be an effective method for small and medium volumes, but not for very large volumes, as needed for tap water production, where bacteria is eliminated by using aggressive substances, as chlorine, chloramines, and/or ozone. As bacteria develop resistance to different substances, and some of those products and by-products are toxic to humans, the development of new bacteria decontamination strategies of great urgency and importance are needed, as the use NPs [21] . Moreover, NPs that capture most of the bacteria present in complex matrices, as food and clinical samples, can be of great use to improve methods devoted to protect consumers, diagnosis and to treat infectious diseases. As an interesting example, Abejonar et al. show [22] an interesting method to destroy persistent microbial biofilms that lead to chronic infections. After magnetic NPs interact with Staphylococcus aureus biofilms, heat is induced by magnetic field stimulation (magnetic hyperthermia) helping to destroy the bacteria and biofilm, otherwise resistant to antibiotic treatment.
In this paper, magnetite NPs of ca. 10 ± 2 nm of diameter were functionalized with arginine (Fe 3 O 4 @Arg) and cysteine (Fe 3 O 4 @Cys). During the synthesis, oxalate ions may be adsorbed first on the surface of the magnetite NPs by coordinating via one or two of the carboxylate functionalities, depending upon steric necessity and the curvature of the surface. These leaves at least one carboxylic acid group exposed to the solvent, making the surface negatively charged and hydrophilic [23] . The functionalization process involves the substitution of oxalate stabilized on the surface of NPs with arginine and cysteine amino acids. The amino acid functionalization was confirmed by a Fourier transform infrared (FT-IR) spectroscopy technique, energy dispersive spectroscopy (EDS) and zeta potential. We also show the performance of the synthesized NP to capture efficiently bacteria from water. In this case, the presence of a biological molecule over the NPs surface could enhance the interaction between NPs and the bacterial cell membrane by van der Waals, hydrophobic or electrostatic forces among others.
Materials and Methods

Reagents and Microbial Culture
Iron (III) chloride hexahydrate (FeCl 3 ·6H 2 O), iron (II) sulphate heptahydrate (FeSO 4 ·7H 2 O), ammonium hydroxide solution (NH 4 OH), ammonium oxalate ((NH 4 ) 2 C 2 O 4 ) and sodium hydroxide (NaOH) were all of analytical grade. L-arginine hydrochloric acid and L-cysteine hydrochloric acid were obtained from Sigma-Aldrich (St. Louis, MO, USA). Pseudomonas putida KT2440 was kindly provided by Dr. S. Ruzal (Universidad de Buenos Aires, Buenos Aires, Argentina). In addition, 0.5 g of Fe 3 O 4 @Oxa was suspended in 150 mL of deoxygenated double distilled water adjusted to pH 5, under a nitrogen atmosphere. Then, 3.66 g of L-arginine or 2.55 g of L-cysteine (21 mmoles of each one) were added. The mixture was agitated in an orbital shaker at 30 • C for 4 h. A black precipitate was obtained and washed in a similar way previously described (using a magnet). In all cases, pH values were adjusted with NaOH or HCl. This process involves exchanging oxalate by L-cysteine or L-arginine in the surface of the NPs (Figure 1 ). 
Synthesis of Amino Acids Coated Fe3O4 NPs from Fe3O4@Oxa
In addition, 0.5 g of Fe3O4@Oxa was suspended in 150 mL of deoxygenated double distilled water adjusted to pH 5, under a nitrogen atmosphere. Then, 3.66 g of L-arginine or 2.55 g of L-cysteine (21 mmoles of each one) were added. The mixture was agitated in an orbital shaker at 30 °C for 4 h. A black precipitate was obtained and washed in a similar way previously described (using a magnet). In all cases, pH values were adjusted with NaOH or HCl. This process involves exchanging oxalate by L-cysteine or L-arginine in the surface of the NPs (Figure 1 ). 
Characterization Methods
Field emission scanning electron microscopy (FESEM) images were obtained with general-purpose high-resolution equipment (Carl Zeiss AG, Supra 40, Oberkochen, Germany). Zeta potential measurements were determined with a Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK). The electrophoretic mobility of the particles was recorded from 12 cycles of 3 s each according to Smoluchowsky's model [25] . Measurements were performed at a concentration of 1 mg mL −1 . For all experiments, the ionic strength was kept constant by incorporating 200 mM NaNO3 and adjusting the pH from 3 to 9 with HNO3 and NaOH. Magnetic studies were carried out in a commercial superconducting quantum interferometer device (SQUID, Quantum Design, Inc., San Diego, CA, USA) at room temperature (T = 25 °C) for all samples, in the range of H = ±10,000 Oe. The magnetization was normalized to the saturation value of the particles (about 40 emu g −1 by Fe3O4@Oxa and 60-70 emu g −1 by Fe3O4, Fe3O4@Arg and Fe3O4@Cys). Infrared spectra were recorded with a Nicolet Magna 510 FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The amounts of oxalate, arginine and cysteine loaded on the NPs were estimated by using thermogravimetric analysis in a simultaneous thermal analyzer, TA Instruments SDT Q600 (New Castle, DE, USA), in an atmosphere of N2 (100 mL min −1 ), the sample carrier was alumina pans, heating rate was 5 °C min −1 , and the final temperature was 800 °C. The structure and phase purity of the synthesized NPs were investigated by X-ray difractometry (XRD), using a powder X-ray diffractometer and a data acquisition program (Siemens diffractometer D5000, and DIFFRACplus, Munich, Germany). The filament was operated at 40 kV and 30 mA, emitting CuKα radiation of 0.154 nm. The NPs were ground in an agate mortar. All measurements were made using slits of 2 mm, measuring an angular range between 20° and 70° with a step size of 0.02° and a step time of 1 s. 
Field emission scanning electron microscopy (FESEM) images were obtained with general-purpose high-resolution equipment (Carl Zeiss AG, Supra 40, Oberkochen, Germany). Zeta potential measurements were determined with a Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK). The electrophoretic mobility of the particles was recorded from 12 cycles of 3 s each according to Smoluchowsky's model [25] . Measurements were performed at a concentration of 1 mg mL −1 . For all experiments, the ionic strength was kept constant by incorporating 200 mM NaNO 3 and adjusting the pH from 3 to 9 with HNO 3 and NaOH. Magnetic studies were carried out in a commercial superconducting quantum interferometer device (SQUID, Quantum Design, Inc., San Diego, CA, USA) at room temperature (T = 25 • C) for all samples, in the range of H = ±10,000 Oe. The magnetization was normalized to the saturation value of the particles (about 40 emu g −1 by Fe 3 O 4 @Oxa and 60-70 emu g −1 by Fe 3 O 4 , Fe 3 O 4 @Arg and Fe 3 O 4 @Cys). Infrared spectra were recorded with a Nicolet Magna 510 FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). The amounts of oxalate, arginine and cysteine loaded on the NPs were estimated by using thermogravimetric analysis in a simultaneous thermal analyzer, TA Instruments SDT Q600 (New Castle, DE, USA), in an atmosphere of N 2 (100 mL min −1 ), the sample carrier was alumina pans, heating rate was 5 • C min −1 , and the final temperature was 800 • C. The structure and phase purity of the synthesized NPs were investigated by X-ray difractometry (XRD), using a powder X-ray diffractometer and a data acquisition program (Siemens diffractometer D5000, and DIFFRACplus, Munich, Germany). The filament was operated at 40 kV and 30 mA, emitting CuKα radiation of 0.154 nm. The NPs were ground in an agate mortar.
All measurements were made using slits of 2 mm, measuring an angular range between 20 • and 70 • with a step size of 0.02 • and a step time of 1 s.
Bacteria Capture Experiments
P. putida strain was maintained in Petri dishes (4 • C) containing nutrient agar and replicated every 15 days. To start bacterial magnetic capture experiments, a colony of P. putida was inoculated into sterile tryptone soya broth (23 g L −1 , pH 5.0, Laboratorios Britania S.A., Buenos Aires, Argentina) and then grown aerobically on an orbital shaker at 32 • C. Cell growth was monitored with a spectrophotometer at 600 nm (OD 600nm ) and colony forming units per mL (CFU mL −1 ) were determined by dilution plating on Luria-Bertani (LB) agar medium after 24 h of cell growth at 32 • C ( Figure S1 ). Cells were harvested until the early exponential phase was reached (OD 600nm = 1.0), then centrifuged at 14,000× g for 30 s and washed 2 times with citrate buffer (50 mM, pH 6). The bacterial concentration was adjusted to the desired level by measuring OD 600nm . In a typical capture experiment, 4 mg of NPs were suspended in 2 mL of citrate buffer saline (CBS, citric acid 50 mM, NaCl 136 mM and KCl 2.6 mM) and then agitated with a vortex. CBS was used for experiments at pHs 5 and 6, whereas phosphate buffer saline (PBS, phosphate 50 mM, NaCl 136 mM) was used when pH 7 or 8 was assayed. The required pH was adjusted with HCl or NaOH. The colloidal NPs suspension (with a given pH and buffer) was mixed with 2 mL of bacterial solution in a 15 mL Falcon tube (with the same pH and buffer) and then incubated for 30 min at 30 • C in an orbital shaker (200 rpm). As control experiments, plain CBS or PBS were mixed with the bacterial solution. After the incubation time, NPs were magnetically separated by using a magnet placed at the wall of the Falcon tube for a period of 10 min. Capture percentages were calculated as Equation (1) below:
where OD f is the OD 600nm value of the solution after the magnetic separation and OD 0 is the OD 600nm value of the control solution without magnetic NPs. We first investigated how NP concentration affects the bacteria capture efficiency by preparing a solution containing 0.1, 0.25, 0.5 and 1 mg L −1 of Fe 3 O 4 @Oxa, Fe 3 O 4 @Arg, Fe 3 O 4 @Cys and 5 × 10 7 UFC mL −1 of P. putida suspended in CBS 50 mM pH 5. On the other hand, we studied the range of bacteria suspensions that can be captured with the NPs synthesized. Finally, the effect of pH was examined with CBS (pH 5 and 6) and PBS (pH 7 and 8). Figure 2 . We obtained size distribution histograms after measuring at least 186 NPs by using Image J analysis software (version 1.51p, National Institutes of Health, Bethesda, MD, USA). The size of the magnetite NPs stabilized with oxalate was always close to 10 nm (details of each NPs can be observed in Figure 2 ), with a standard deviation (SD) of about 2 nm. The size and distribution of the NPs show minor changes with the two AAs used in this study. In this sense, the advantage of the synthesis procedure detailed in this article is to have the nucleation step separated from the functionalization one in order to control the NP size with the amount of oxalate and iron ions used.
Results
Characterization of
The study results of EDS presented in Table 1 describes the composition of the NPs according to the functionalization made. As expected by the atomic composition of each compound, the NPs stabilized with amino acids show the presence of nitrogen. In the particular case of Fe 3 O 4 @Cys, the presence of S indicates that L-cysteine was present in the NPs. The study results of EDS presented in Table 1 describes the composition of the NPs according to the functionalization made. As expected by the atomic composition of each compound, the NPs stabilized with amino acids show the presence of nitrogen. In the particular case of Fe3O4@Cys, the presence of S indicates that L-cysteine was present in the NPs. . These values were obtained in the total range of pH from 3 to 9 and under constant ionic strength (NaNO3 200 mM). For Fe3O4@Arg and Fe3O4@Cys, the zeta potential changed from positive to negative for a pH increment from 3 to 9 due to amine and acid group deprotonation. The zeta potential ( The study results of EDS presented in Table 1 describes the composition of the NPs according to the functionalization made. As expected by the atomic composition of each compound, the NPs stabilized with amino acids show the presence of nitrogen. In the particular case of Fe3O4@Cys, the presence of S indicates that L-cysteine was present in the NPs. . These values were obtained in the total range of pH from 3 to 9 and under constant ionic strength (NaNO3 200 mM). For Fe3O4@Arg and Fe3O4@Cys, the zeta potential changed from positive to negative for a pH increment from 3 to 9 due to amine and acid group deprotonation. We performed an FT-IR analysis in order to reveal the functional groups contained in the NPs after each synthesis step. It is well known that the presence of Fe3O4 is made evident by a stretching signal corresponding to metal-oxygen bond vibrations that commonly appear between 450 to 640 cm −1 [26] . In Figure 5b , it is possible to see stretching signals corresponding to Fe-O bonds vibrations at 581, 582 and 590 cm −1 . For all NPs synthetized in this study, we detected stretching signals corresponding to carboxyl group vibrations. In particular, C=O stretching and C-O-H in plane bending signals corresponding to the carboxylic acid can be observed at values closed to 1600 cm −1 and 1400 cm −1 , respectively [18, 24, 27] . We found a carbonyl signal at 1634 cm −1 for Fe3O4@Oxa, 1624 cm −1 for Fe3O4@Cys and 1653 cm −1 for Fe3O4@Arg; we also found C-O-H in plane bending signals at 1403 cm −1 for Fe3O4@Oxa, 1398 cm −1 for Fe3O4@Arg and 1408 cm −1 for Fe3O4@Cys. Peaks detected between 2500 and 3300 cm −1 correspond to O-H stretching signals of carboxylic acids. As can be seen in Figure 5a , both ammonium oxalate and Fe3O4@Oxa present strong O-H stretching signals when a molar ratio of Fe 3+ :Fe 2+ :C2O4 2− equal to 2:1:1 was used in the first synthesis step, but when molar ratio was 2:1:0.1, as Tie et al. used [24] , these signals did not appear ( Figure S2 ). Taking into account these results, we decided to use ten times higher C2O4 2− concentrations for the first synthesis step. In addition, in Figure 5a , we show that, in Fe3O4@Arg and Fe3O4@Cys spectra, O-H stretching signals are not strong, suggesting that oxalate is not present over the NPs. N-H signals corresponding to primary amines appear at 3400 cm −1 [24, 28] . We detected the presence of amino acids on Fe3O4@Arg and Fe3O4@Cys NPs by the presence of N-H signals at 3409 and 3410 cm −1 , respectively. The lack of N-H stretching signals at the synthesis product of the first step (Fe3O4@Oxa) and the presence of the same signal after the second step (Fe3O4@Arg and Fe3O4@Cys) is in agreement with the synthesis procedure described in this study. In the case of pure cysteine (Figure 5a ), the weak stretching signal at 2561 cm −1 belongs to S-H, which commonly appears near 2500 cm −1 [18] ; however, these stretching signals were not present for Fe3O4@Cys. In the study of Schwaminger et al. [18] , they show that cysteine absorbed to magnetite and can form S-S bonds between them, and this can be seen in the stretch between 500 and 530 cm −1 [29] . Figure 5b shows the presence of S-S signal at 539 cm −1 , suggesting that there is a molecular bond between two cysteine molecules over the surface of the We performed an FT-IR analysis in order to reveal the functional groups contained in the NPs after each synthesis step. It is well known that the presence of Fe 3 O 4 is made evident by a stretching signal corresponding to metal-oxygen bond vibrations that commonly appear between 450 to 640 cm −1 [26] . In Figure 5b , it is possible to see stretching signals corresponding to Fe-O bonds vibrations at 581, 582 and 590 cm −1 . For all NPs synthetized in this study, we detected stretching signals corresponding to carboxyl group vibrations. In particular, C=O stretching and C-O-H in plane bending signals corresponding to the carboxylic acid can be observed at values closed to 1600 cm −1 and 1400 cm −1 , respectively [18, 24, 27] . We found a carbonyl signal at 1634 cm −1 for Fe 3 2− equal to 2:1:1 was used in the first synthesis step, but when molar ratio was 2:1:0.1, as Tie et al. used [24] , these signals did not appear ( Figure S2 ). Taking into account these results, we decided to use ten times higher C 2 O 4 2− concentrations for the first synthesis step.
Table 1. Energy dispersive spectroscopy (EDS) analysis showing atomic percent present in the different nanoparticles (NPs).
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In addition, in Figure 5a , we show that, in @Cys) is in agreement with the synthesis procedure described in this study. In the case of pure cysteine (Figure 5a ), the weak stretching signal at 2561 cm −1 belongs to S-H, which commonly appears near 2500 cm −1 [18] ; however, these stretching signals were not present for Fe 3 O 4 @Cys. In the study of Schwaminger et al. [18] , they show that cysteine absorbed to magnetite and can form S-S bonds between them, and this can be seen in the stretch between 500 and 530 cm −1 [29] . Figure 5b shows the presence of S-S signal at 539 cm −1 , suggesting that there is a molecular bond between two cysteine molecules over the surface of the NP. Moreover, the C-S stretching signal that commonly appears between 600 and 700 cm −1 was detected at 660 cm −1 for Fe 3 O 4 @Cys (Figure 5b ).
NP. Moreover, the C-S stretching signal that commonly appears between 600 and 700 cm −1 was detected at 660 cm −1 for Fe3O4@Cys (Figure 5b ). The presence of the carboxylate and amino groups corresponding to the functionalization of the NPs with oxalate and the amino acids arginine and cysteine was demonstrated by FTIR spectroscopy and confirmed by thermogravimetric analysis (TGA). Two main weight loss steps were observed in the TGA curves of the samples Fe3O4@Oxa, Fe3O4@Arg and Fe3O4@Cys ( Figure  S3a ). The first weight loss step observed in the temperature range from 30 to 200 °C was probably due to the loss of water in the samples [30] . The second weight loss step in the temperature region of 230-800 °C could be attributed to the decomposition of oxalate and the amino acids that wrap the NPs [24] . Our TGA trace for Fe3O4@Cys is similar to that obtained by other authors, when magnetic NP were synthesized using cysteine [24, 31] . Thus, the TGA result confirms that the nanoparticles are coated with some amount of organic material. The weight loss at the end of the experiment (800 °C) was of 18.5, 10.5, and 16.5 for oxalate, cysteine and arginine, respectively. Considering that about 10% of the organic compounds remain as a residue at control samples ( Figure S3b) , the content of organics in NPs could be around 10% higher than the weight loss observed at Figure S3a .
Phase investigation of the crystallized product was performed by XRD and the diffraction pattern is presented in Figure S4 . The XRD pattern indicates that the product mostly consists of The presence of the carboxylate and amino groups corresponding to the functionalization of the NPs with oxalate and the amino acids arginine and cysteine was demonstrated by FTIR spectroscopy and confirmed by thermogravimetric analysis (TGA). Two main weight loss steps were observed in the TGA curves of the samples Fe 3 O 4 @Oxa, Fe 3 O 4 @Arg and Fe 3 O 4 @Cys ( Figure S3a ). The first weight loss step observed in the temperature range from 30 to 200 • C was probably due to the loss of water in the samples [30] . The second weight loss step in the temperature region of 230-800 • C could be attributed to the decomposition of oxalate and the amino acids that wrap the NPs [24] . Our TGA trace for Fe3O4@Cys is similar to that obtained by other authors, when magnetic NP were synthesized using cysteine [24, 31] . Thus, the TGA result confirms that the nanoparticles are coated with some amount of organic material. The weight loss at the end of the experiment (800 • C) was of 18.5, 10.5, and 16.5 for oxalate, cysteine and arginine, respectively. Considering that about 10% of the organic compounds remain as a residue at control samples ( Figure S3b) , the content of organics in NPs could be around 10% higher than the weight loss observed at Figure S3a. Phase investigation of the crystallized product was performed by XRD and the diffraction pattern is presented in Figure S4 . The XRD pattern indicates that the product mostly consists of magnetite Fe 3 O 4 , and the diffraction peaks are broadened owing to very small crystalline size. Observed diffraction peaks are indexed by the cubic structure of Fe 3 O 4 (JCPDS No. 19-629), revealing a high phase purity of magnetite [24, 32, 33] . The line profile shown in Figure S4 was fitted for the observed seven peaks with the following miller indices: (111), (220), (311), (400), (422), (511) and (440) planes of a face-centered cubic (fcc) lattice of iron oxide. The corresponding lattice constant is t = 10.699 nm. The functionalization with arginine or cysteine does not alter the crystalline structure of magnetite.
Bacteria Capture Experiments
The efficiency of magnetic capture was performed with different concentrations of the three NPs synthesized. It is well known that many bacteria species have a negative net charge over the external membrane surface; therefore, positive charged NPs can be attracted to bacteria by electrostatic interactions [21, 22, 34] . This has been the main criteria to choose capture NP systems. However, some other forces can be relevant, as will be discussed in the next section. All three NP systems studied here could be separated from the bulk solution with the aid of a magnet in less than 5 min and the same behavior was appreciated when preliminary bacteria capture experiments were done (data not shown). Taking these into account, during the magnetic capture procedure, we used 10 min in order to avoid time-related experimental error.
NP concentrations greater than 1 mg mL −1 were avoided due to the instability of the suspension in time (t > 30 min). Agglomeration and clumping of relatively concentrated magnetic NP are well known and reported in previously published work [35] .
As can be seen in Figure 6 , there is a direct relationship between the NP concentration used and the capture efficiency; furthermore, there is a similar behavior for both AA-modified NPs used. In all cases, we used 5 × 10 7 CFU mL −1 of P. putida suspended in citrate buffer saline (50 mM, pH 6). NP concentrations greater than 1 mg mL −1 were avoided due to the instability of the suspension in time (t > 30 min). For the subsequent experiments, a concentration of 1 mg mL −1 of NPs was selected since, in these conditions, a higher capture efficiency was achieved. [24, 32, 33] . The line profile shown in Figure S4 was fitted for the observed seven peaks with the following miller indices: (111), (220), (311), (400), (422), (511) and (440) planes of a face-centered cubic (fcc) lattice of iron oxide. The corresponding lattice constant is t = 10.699 nm. The functionalization with arginine or cysteine does not alter the crystalline structure of magnetite.
As can be seen in Figure 6 , there is a direct relationship between the NP concentration used and the capture efficiency; furthermore, there is a similar behavior for both AA-modified NPs used. In all cases, we used 5 × 10 7 CFU mL −1 of P. putida suspended in citrate buffer saline (50 mM, pH 6). NP concentrations greater than 1 mg mL −1 were avoided due to the instability of the suspension in time (t > 30 min). For the subsequent experiments, a concentration of 1 mg mL −1 of NPs was selected since, in these conditions, a higher capture efficiency was achieved. 
Discussion
In this work, we have obtained superparamagnetic Fe3O4 NPs stabilized with AAs in a single functionalization step, using a process involving chemical co-precipitation with ferrous/ferric precursors and oxalate anion in the first step followed by a substitution at the second step. With changes in the synthesis, and followed by a simple but effective washing procedure between steps, we achieved a superparamagnetic NPs system with more uniform size than that proposed by Tie et al. [24] as well as high reproducibility. All systems showed a similar average particle size of ca. 10 nm. Moreover, EDS studies show confirmatory information about the successful modification of the NPs with oxalate, arginine or cysteine, as the atomic composition was the expected for each one.
The isoelectric point of Fe3O4@Oxa was 3.4, which is related to the equilibrium constant for the loss of the first and the second proton of oxalate (pKa = 1.27 and 4.28). For Fe3O4@Arg and Fe3O4@Cys, the isoelectric points were 7.2 and 5.5, respectively. These results are the expected with the well-known structure and amine groups in the amino acids used, and so, with the bibliographic values of isoelectric point of L-arginine and L-cysteine, are 11.5 and 5.02, respectively.
The negative values of zeta potential on the surface stabilized oxalate NPs, throughout the pH range was produced by the high affinity that carboxyl groups presented in the magnetite [36] , which undergo a sudden change when they were functionalized with amino acids. This change provides to the surface of the NP systems a positive charge at acidic pH values and negative values at basic pH, giving to the surface of the NPs a wider range of load charge, at constant ionic strength and at broad pH range, which has been demonstrated by zeta potential measurements.
The magnetization curves of all NP systems (Fe3O4@Arg, Fe3O4@Cys, and Fe3O4@Oxa) showed no hysteresis, producing a superparamagnetic behavior at room temperature. The primary particle size obtained in our work is in good agreement with the superparamagnetic limit of magnetite NPs, which is below 20 nm. It can be seen that the magnetization of Fe3O4@Oxa is 44.03 emu g −1 (Figure 4) , and this value is smaller than those reported by Tie et al. [24] . The lower magnetization could be related to a higher ligand density over the NP surface taking into account that we use ten times higher concentration of C2O4 2− in the first step in comparison with Tie et al. [24] . This is in agreement with the fact that if ligand density increases, the magnetization decreases. Amino acid coated NPs have a higher saturation of magnetization than oxalate stabilized ones, being 66.41 emu g −1 and 62.05 emu g −1 for Fe3O4@Arg and Fe3O4@Cys, respectively. Yan's group [33] has produced AAs coated 
In this work, we have obtained superparamagnetic Fe 3 O 4 NPs stabilized with AAs in a single functionalization step, using a process involving chemical co-precipitation with ferrous/ferric precursors and oxalate anion in the first step followed by a substitution at the second step. With changes in the synthesis, and followed by a simple but effective washing procedure between steps, we achieved a superparamagnetic NPs system with more uniform size than that proposed by Tie et al. [24] as well as high reproducibility. All systems showed a similar average particle size of ca. 10 nm. Moreover, EDS studies show confirmatory information about the successful modification of the NPs with oxalate, arginine or cysteine, as the atomic composition was the expected for each one.
The isoelectric point of Fe 3 O 4 @Oxa was 3.4, which is related to the equilibrium constant for the loss of the first and the second proton of oxalate (pK a = 1.27 and 4.28). For Fe 3 O 4 @Arg and Fe 3 O 4 @Cys, the isoelectric points were 7.2 and 5.5, respectively. These results are the expected with the well-known structure and amine groups in the amino acids used, and so, with the bibliographic values of isoelectric point of L-arginine and L-cysteine, are 11.5 and 5.02, respectively.
The magnetization curves of all NP systems (Fe 3 O 4 @Arg, Fe 3 O 4 @Cys, and Fe 3 O 4 @Oxa) showed no hysteresis, producing a superparamagnetic behavior at room temperature. The primary particle size obtained in our work is in good agreement with the superparamagnetic limit of magnetite NPs, which is below 20 nm. It can be seen that the magnetization of Fe 3 O 4 @Oxa is 44.03 emu g −1 (Figure 4) , and this value is smaller than those reported by Tie et al. [24] . The lower magnetization could be related to a higher ligand density over the NP surface taking into account that we use ten times higher concentration of C 2 O 4 2− in the first step in comparison with Tie et al. [24] . This is in agreement with the fact that if ligand density increases, the magnetization decreases. [21] and other applications [27] . An interesting feature observed in Figure 4 is that when NPs wrapped with a small molecule (as oxalate) are replaced by bigger ones (as the amino acids), magnetization increases, although a magnetization decrease was expected (same magnetic core, more non-magnetic organic wrap). Previous work shows that magnetic properties of NPs are strongly determined by NP size, where saturation magnetization increases with increasing crystal size until a size of 12 nm [37] . Magnetization measurements provide a weighted average of all the NPs dispersed in the solution. We believe the higher NP size and magnetization of the amino acid-modified particles is related to the washing procedure, which involves a magnetic separation step that can select the bigger and more magnetic NPs, against the smaller ones, as can be seen in Figure 2 .
We were able to identify the signals obtained by FT-IR corresponding to functional groups for both pure compounds and the synthetized NPs. The FTIR spectra in Figure 5 shows the presence of Fe-O interaction and the carbon chains of both the oxalate and the amino acids used, which cover the three NPs synthesized here. OH-and COOH groups are shown in both the oxalate and in the Furthermore, if we make a comparison between the FT-IR spectra of pure AAs and the respective Fe 3 O 4 @AAs in the fingerprint region (1500-400 cm −1 ), we can appreciate that there is a remarkable correlation between the curves, suggesting that we successfully cover the NPs with the AAs. In this study, we considered having a successful AA functionalization by the presence of at least three FT-IR signals corresponding to N-H near 3400 cm −1 , C=O at 1600 cm −1 and C-O-H at 1400 cm −1 . A significant change in the zeta potential curve of the NPs after being stabilized with AAs shows that the second step of the synthesis was successfully done, in concordance with all the other data present here. This includes FT-IR, and the elemental analysis of each type of NP, showing the presence of carbon-containing functional groups at all NPs, nitrogen-containing functional groups only on the amino acid modified ones, and sulfur-containing functional groups only when we use the sulfur containing AA, as expected.
Capture efficiency in terms of absolute CFU mg −1 of NPs achieved in our work is higher than those values reported in literature (Table 2) , taking into account similar NP size for the comparison. Other studies have been shown to capture 4.9 × 10 7 CFU mg −1 of NPs by using microparticles of 150 nm [38] . Besides the better capture efficiency, in comparison with our study, Chen et al. [38] Fe 3 O 4 particles were functionalized with mesoporus silica and cetyltrimethylammonium bromide (CTAB), which are not conventional reagents for a low-cost application; in addition, they showed low saturation magnetization (50 emu g −1 ). The NPs presented in this study can capture at least 3 × 10 7 CFU mL −1 when 1 mg mL −1 of Fe 3 O 4 @Arg or Fe 3 O 4 @Cys is used. Moreover, we studied the capture efficiency under different pH conditions (5) (6) (7) (8) , and all AA-modified NPs seem to capture more than 3 × 10 7 CFU mL −1 , as it can be appreciated in Figure 8 . Surface charge of bacteria and NPs had been previously considered as the main force of interaction between them by means of strong electrostatic attractions [40] . Other authors have shown [21, 33] that there is not a strict correlation between the capture efficiency and the pH when Fe3O4@AAs NPs were used, indicating that the electrostatic forces are not the only forces involved in the binding process. Moreover, hydrophobic forces could be dominating the Fe3O4@AAs adhesion to cell membranes [21, 41] . In addition, bacteria capture experiments in a pH range from 2 to 11 [33] and from 4 to 10 [21] were performed, showing that the amino functionalized magnetic nanoparticles can capture E. coli independently from the acidity of the solution. In a recent work, gold NPs modified with the dipeptide L-alanyl-L-alanine negative charged show strong interactions with identically charged Gram-negative and -positive bacteria, interactions that are not fully explained in this work [42] ; alanine is classified as an hydrophobic amino acid and this force could be relevant in the NP-bacteria interactions.
Here, we synthesized Fe3O4@AAs, which shows a high efficiency for the magnetic capture of bacteria when assayed in different buffers and pHs; Fe3O4@Oxa, as expected, was less efficient. When the three NPs were assayed at pH 6 (where Fe3O4@Oxa and Fe3O4@Cys have a negative charge, but Fe3O4@Arg has a positive charge), our results show that electrostatic forces are not the more relevant aspect to be considered when bacterial-NP interactions are considered. A property Surface charge of bacteria and NPs had been previously considered as the main force of interaction between them by means of strong electrostatic attractions [40] . Other authors have shown [21, 33] that there is not a strict correlation between the capture efficiency and the pH when Fe 3 O 4 @AAs NPs were used, indicating that the electrostatic forces are not the only forces involved in the binding process. Moreover, hydrophobic forces could be dominating the Fe 3 O 4 @AAs adhesion to cell membranes [21, 41] . In addition, bacteria capture experiments in a pH range from 2 to 11 [33] and from 4 to 10 [21] were performed, showing that the amino functionalized magnetic nanoparticles can capture E. coli independently from the acidity of the solution. In a recent work, gold NPs modified with the dipeptide L-alanyl-L-alanine negative charged show strong interactions with identically charged Gram-negative and -positive bacteria, interactions that are not fully explained in this work [42] ; alanine is classified as an hydrophobic amino acid and this force could be relevant in the NP-bacteria interactions. Figure S5 .
Conclusions
Hydrophobic and electrostatic forces are proposed to be the key factors affecting the bacterial attachment to different material surfaces, the mechanisms governing these phenomena not being clear. We conclude that amino acid nature is not relevant when interactions with the model bacteria we used here are considered, and that unspecific processes such as hydrophobic interactions must be the prevalent forces implicated in the capture process among others. The hydrophobicity of the bacterial cell wall allows them to interact with other cells or surfaces with similar hydrophobicity [43] . There are a high number of studies that show that increasing the hydrophobicity of bacterial surfaces or substrate surfaces produce an enhanced number of cells attached [44, 45] . Recent studies show that Gram-negative bacteria tend to interact mostly with hydrophobic materials as graphene oxide [46, 47] or magnetic NPs stabilized with hydrophobic ligands in comparison with hydrophilic ligands [48] .
Hydrophobic interaction between NPs and the extracellular polymeric substances (EPS), lipopolysaccharides, and hydrophobic residues of membrane proteins and lipoproteins seems to be relevant [49] , given that the capture efficiency remains similar when pH, and thus bacterial and NP charge were affected. The importance of hydrophobic forces in peptide-protein interactions have been reviewed [50] , and the principles can be extended to the amino acid residues wrapping the NPs synthesized here and proteins present in the outer bacterial wall and membrane. Our findings give new and relevant insights when the synthesis of effective nanoparticulate systems, designed to capture microbial cells, is the goal. 
